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Over the past few years, the contribution of oxysterols to the onset and development of some of the major neu-
rodegenerative diseases (such as Alzheimer’s and Parkinson’s diseases) has been scientifically asserted, being
mainly related to altered brain cholesterol homeostasis. To counteract oxysterol induced inflammation at neu-
ronal level, one possible intervention approach is the administration of some nutrients and/or plant secondary
metabolites. On the other hand, the pleiotropic beneficial effects of physical activity seem to play an impor-
tant role on prevention and counteraction of neurodegenerative diseases, through the modulation of oxysterol

homeostasis and the prevention of demyelination. The present review provides a picture of the promising role of
nutraceuticals and physical activity on oxysterol-mediated neurodegeneration, pointing out also the different in
vitro and in vivo aspects that need to be further investigated for a better understanding of the association of these
three counterparts and their overall effect on people at increased risk for neurodegenerative diseases.

1. Introduction

To date, neurodegenerative diseases represent one of the greatest
threats to public health, as well as one of the major economical burdens
of healthcare systems. In 2015, the costs of dementia alone (to which
Alzheimer's disease (AD) contributes with 60-70% of cases) accounted
for 1.1% of the global gross domestic product [1] and it is expected
that, in 2050, there will be a 3-fold increase of dementia cases [2]. The
onset and progression of neurodegenerative diseases is mainly related
to the altered brain cholesterol homeostasis and to systemic oxidative
stress (OS). The latter can promote the oxidation of cholesterol and thus
the formation of oxysterols, which can permeate the blood-brain bar-
rier (BBB) and play a pivotal role on oxidation-related neuropathologies
of the brain [3-5]. Oxysterols generate an oxidative/inflammatory cas-
cade, which increases their concentrations in the brain; such increase
has been, in fact, associated with Alzheimer’s (AD) [6] and Parkinson’s
diseases (PD) [7]. In particular, the balance between 24(S)-hydrox-
ycholesterol (24-HC) and 27-hydroxycholesterol (27-HC) has been
identified as a key aspect for brain cholesterol homeostasis. The ac-
cumulation of other oxysterols, such as 7-ketocholesterol (7-
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KC), appears to induce important mitochondrial dysfunctions (includ-
ing alterations of oxidative phosphorylation, loss of mitochondrial mem-
brane potential and the cytoplasmic release of the cytochrome c), which
can lead to cell death [8-11]. In fact, there is plenty of evidence suggest-
ing that mitochondrial dysfunction also plays a critical role in neurode-
generative diseases and neurodegeneration cascades; the organelles’
malfunction could be mainly due to abnormal mitochondrial DNA (dele-
tions and point mutations), mutated nuclear proteins that directly or in-
directly interact with mitochondria, and OS [12,13].

To counteract oxysterol induced inflammation at the neuronal level
and prevent demyelination, besides the pharmacological treatments cur-
rently being used, any supporting approach should take into account
OS modulation in order to limit the in vivo oxidative process; in this
respect, some potential supporting strategies could be the administra-
tion of nutrients and/or plant bioactives that, together with contin-
uous moderate exercise, could help in modulating mitochondrial OS.
Moreover, exercise can further exert a neuro-protective action by trig-
gering some neurobiological mechanisms (i.e. neurotransmitter secre-
tion, hormones, neurotrophic factor levels) [14,15], raising the con-
centration of several growth factors involved in brain tissue develop-
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Table 1
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Oxysterol involvement in the main neurodegenerative diseases (AD, PD, MS, HD, and X-ALD) in diverse experimental systems (in vitro, in vivo and human studies).

Neurodegenerative Experimental
disease Biomaterial model system Oxidized marker system References
Alzheimer’s disease (AD) Cholesterol 24-hydroxylase knockout mouse (Cyp46al -/- 248,25S-epoxycholesterol In vivo [22]
)
Human neuronal SK-N-BE cells 24-HC In vitro [49]
Co-culture of bovine brain capillary endothelial cells 24-HC; 27-HC In vitro [52]
(BCECs) and rat glial cells
Human cerebrospinal fluid (CSF) 7a,25-dihydroxy-3-oxocholest-4-en-26-oic acid In vivo [54]
Hippocampus of APP23 transgenic mice 24-HC Ex vivo [53]
C57BL/6J mice; APP/PS1 transgenic mice with C57BL/ 27-HC In vivo [24]
6J back-ground
Frontal and occipital cortex of AD patients 7-KC; 7a/B-HC; 4p-HC; 5a,6a-epoxycholesterol; 58,6p- Ex vivo [25]
epoxycholesterol; 24-HC; 27-HC
Parkinson’s disease (PD) Mouse midbrain; zebrafish 24(8S),25-epoxycholesterol Invivo/in [23]
vitro
Human plasma; -human CSF 24-HC; 27-HC Invivo [62]
Human neuroblastoma SH-SY5Y cells 24-HC; 27-HC In vitro [60]
Human neuroblastoma SH-SY5Y cells 27-HC In vitro [61]
Multiple sclerosis (MS) Human serum; human CSF 24-HC; 27-HC Invivo [68]
Human CSF 24-HC; 27-HC In vivo [69]
Human serum 24-HC; 27-HC In vivo [70]
Hungtington’s disease Mouse brain 24-HC Invivo [78]
(HD)
YAC18 mice; YAC128 mice 24-HC In vivo [79]
R6/2 mice 24-HC Invivo [80]
X-linked Childhood cerebral ALD patients; adolescent cerebral ALD 7-KC Invivo [94]
Adrenoleukodystrophy patients; murine microglial cells
(X-ALD)
THP-1 cells 7-KC; 25-HC In vitro [971
C57BL/6, Abcdl*/~; Nlrp37- mice 25-HC In vivo [98]
Table 2 Table 3

Bioactive compounds and their effects on oxysterol toxicity in cellular model systems.

Physical activity and its effects on oxysterol levels in animal and human studies.

Bioactive compound Effects Model system Reference
Oleic acid (100 pM) 17-KC induced BV-2 Rat microglial [40]
DHA (12 pM) oxidative stress; cells
lapoptosis;
lautophagy
DHA (50 pM) 17-KC, 7p-HC, SK-N-BE human [101]
24-HC induced neuroblastoma cells
oxidative stress
a-tocopherol (400 pM) 17-KC induced 158N Mouse [37]
apoptosis and oligodendrocyte
autophagy cells
a-tocopherol (400 pM) 17-KC induced 158N Mouse [11]
apoptosis Oligodendrocyte
cells
Quercetin (5 pM) 17p-HC, 24-HC, SHSY-5Y human [104]
27-HC induced neuroblastoma cells
inflammation
Taxifolin (15 uM) 17-KC induced PC12 rat [105]
apoptosis pheochromocytoma
cells
Quercetin-3-0-(2"- 17-KC induced PC12 rat [106]
galloyl)-o-L- apoptosis pheochromocytoma
rhamnopyranoside cells

(25 pM)

ment [16-18], modulating apoptosis and inducing neurogenesis in de-
fined brain areas [19].

The present review depicts the promising role of nutraceuticals and
physical activity on oxysterol-mediated neurodegeneration, aiming at
laying the groundwork for a better understanding of the link between
these three aspects and their overall impact on neurodegenerative dis-
eases.

Bioactive

compound Effects Model system Reference

Running (4 Imitochondrial ob/ob and WT mice [116]
weeks) accumulation of undergoing ischemia/

oxysterols and reperfusion
cholesterol

Aerobic 17p-HC and 27-HC Apo E KO dyslipidemic [117]
exercise lcholesterol at aortic mouse
training (6 level
weeks)

Resistance and loxysterols Overweight and obese [119]
aerobic human subjects
exercises (8
weeks)

Acute 17a-HC, 7p-HC, 7-KC, Wistar rats [75]
exhaustive triol, 24-HC and 27-HC
exercise at hepatic level

Incremental Toxysterols Amenorrheic female [120]
running test athletes

Physical Normalization of Multiple sclerosis [65]
exercise oxysterol levels mouse model

2. Methods

The Web of Science Core Collection (WOS) platform from Clari-
vate Analytics, Scopus from Elsevier and PubMed from MEDLINE were
the databases selected. The following terms were used in the search
strategy: Title and Abstract: ((oxysterol* OR oxidative stress OR bioac-
tive compound* OR nutraceutical* OR physical activity) AND (brain
OR brain disease* OR Alzheimer OR Parkinson OR Multiple sclerosis
OR Dementia OR Hungtington OR Adrenoleukodystrophy)). The search
was carried out using title and abstract fields only, in order to in-
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crease the accuracy, while the asterisk was used to include all the words
derived from the same root (such as oxysterols from the same root
“oxysterol*”). The search was mainly limited to the last five years, even
though important and relevant earlier publications were also taken into
consideration.

2.1. Oxysterols and their role in brain diseases

The brain cholesterol is synthesized de novo and its excess is imme-
diately converted to oxidized forms (oxysterols), in particular 24—HC
which is able to pass through the BBB reaching the peripheral circula-
tion (2-6 mg/24h) [20,21]. 24—HC is mostly generated by cytochrome
P450 (CYP46A1) activity, which is expressed in neurons, in healthy
human brains and also in glial cells in Alzheimer’s disease (AD) pa-
tients [22]. Oxysterols also act as ligands to nuclear receptors, while the
side-chain hydroxy-, oxo-, epoxy- or carboxylate group of oxysterols can
act as ligands to the liver x receptors (LXR) that are expressed in the
brain, which induce the expression of ATP-binding cassette, sub-family
A member 1 (modulator of cholesterol efflux); in addition, oxysterols
can induce neurogenesis of dopaminergic neurons [23]. On the other
hand, (25R)26-hydroxycholesterol (also known as 27-hydroxycholes-
terol (27—HC)) is the most circulating oxysterol in plasma (57.7-247.9
ng/mL in healthy subjects) [24] and it flows from circulation into the
brain passing through the BBB [25]. 27—HC is also present in the brain,
where it acts as a sensitive modulator of cholesterol metabolism dis-
order by suppressing cholesterol synthesis and stimulating cholesterol
transport in astrocytes [26]. It is well reported that disorders in brain
cholesterol homeostasis could lead to neurodegenerative diseases.

Being recently and extensively reviewed [27], many pathologies are
characterized by impaired levels of different oxysterols [28]. Among
other oxysterols, 7-KC appears to be one of the most involved in numer-
ous age-related pathological conditions. 7-KC accumulation has been
correlated to the development of different types of cancers [29] and
MS [30]; several studies confirm its implication in atherosclerosis [31],
retinal diseases and Alzheimer’s disease (AD) [25,32]. In cellular model
systems derived from neuronal tissues, 7-KC appears to exert its ef-
fects through multiple mechanisms: i) disruption of redox homeosta-
sis, ii) induction of inflammation, iii) modification of mitochondria,
peroxisome and other organelles’ functions, iv) induction of apopto-
sis and autophagy, and v) disruption of lipid metabolism [27]. It has
been confirmed that 7-KC can induce an increase of ROS and nu-
clear factor kappa-light-chain-enhancer of activated B cells (NfkB) in
neuronal differentiated PC12 cells [33]. Nury et al. [34] and Zarrouk
et al. [35] demonstrated that 7-KC treatment induced OS in cultured
oligodendrocytes, by increasing intracellular levels of superoxide an-
ion and hydrogen peroxide. Moreover, Leoni et al. [8] reported that
7-KC-induced OS is related to the loss of mitochondrial potential as ev-
idenced by the decrease of ATP and NAD + production at mitochon-
drial respiratory chain level. In a study about the proinflammatory ef-
fect of 7-KC [36], the induction of cytokines (IL-18 and IL-1p) in hu-
man primary microglial cells, was observed. 7-KC is also responsible
for apoptosis induction not only in numerous cell culture models, but
also in Caenorhabditis elegans. Finally, some evidence suggest that 7-KC
triggers also autophagy [37,38]. Since the early 2000’s, some authors
have described the particular cell death mechanism induced by 7-KC
in cell culture models (such as 158N oligodendrocytes and BV-2 mi-
croglial cells) as oxiapoptophagy, a term proposed to describe the con-
current induction of OS, apoptosis and autophagy leading to cell death
[34,37,39,40]. On the other hand, other authors [41,42] have reported
that inflammation-induced oxysterols affected the in vitro and in vivo
glia cell activation (BV2 microglial cell, primary microglia and astro-
cytes), even though the in vivo changes were less marked. In addi-
tion, since oxysterols are involved in glutamate and GABA receptors
modulation, whose changes contribute to pathogenesis of AD and glau-
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coma, some authors have encouraged the use of oxysterols and neuros-
teroids as potential targets for these disorders [43].

Hence, neurons have a high demand for cholesterol to develop and
maintain membrane-rich structures like axons, dendrites and synapses
[44]; consequently, oxysterols play a key role in many different neu-
rodegenerative diseases, which are divided in two main subfamilies:
demyelinating and non-demyelinating neurodegenerative diseases
[25,32,45]. Cholesterol is an essential component of myelin, thus its de-
ficiency or lack of impacts the rate of myelin formation leading to motor
symptoms [46]. Additionally, oxysterols inhibit myelin gene expression
in the peripheral nervous system via LXR, o- and p-mediated signaling
and also exert adverse effects on oligodendrocyte viability [47].

Table 1 summarizes the most recent studies on the involvement of
oxysterols in the main neurodegenerative diseases (AD, Parkinson, etc).

2.2. Alzheimer’s disease (AD)

AD is an irreversible neurodegenerative process which progressively
destroys memory and other functions [48]. In AD, it is widely reported
that both 24—HC and 27—HC play a key role in the dysfunction of nerve
cells and the alteration of BBB [49]. AD is characterized by a massive
neurodegenerative process resulting mainly from the abnormal accumu-
lation of different forms of p-amyloid peptides in various brain areas and
around cerebral microvessels [50], due to the reduced ability of BBB to
regulate the cerebral pool of these peptides. Bjorkhem et al. [21,51] hy-
pothesized that production of p-amyloid in the brain is related to the
balance between 24-HC and 27-HC; in fact, the level of 27-HC in
the brains of AD patients was higher and its serum level was strongly
correlated with that of cholesterol, thus suggesting a link between hy-
percholesterolemia and AD. On the other hand, it is well known that
LXR activation affects the transport of f-amyloid peptides through BBB,
since ABCB1, a transporter of f-peptides expressed at the luminal side of
brain capillary endothelial cells (BCECs), is down-expressed in AD pa-
tients; however. its expression is increased by 24—HC and 27-HC (LXR
agonists) [52]. Recently, it has also been reported that oxysterols are
involved in the progression of memory loss and cognitive impairment;
in particular, a significant increase of 27—HC in plasma of patients af-
flicted by mild cognitive impairment has been observed [24]. Again, the
same authors have reported an increase and accumulation of f-amyloid
(1-40) peptide (AB1-40) and B-amyloid (1-42) peptide (Ap1-42) in both
brain and plasma with consequent severe cognition effects related to en-
hanced 27—-HC level. Djelti et al. [53] observed that the abundance of
p-amyloid peptides with inhibition of CYP46A1, which encodes 24-hy-
droxylase, was more widespread in the APP23 mouse model of AD than
in normal mice. Griffiths et al. [54] reported a significant reduction of
7a,25-dihydroxy-3-oxocholest-4-en-26-oic acid in CSF of AD patients. It
is also well documented that 24—HC and 27-HC govern the expression
of inflammatory cytokines and boost OS to induce neuronal apoptosis in
AD [25,55].

2.3. Parkinson’s disease (PD)

PD is characterized by a loss of dopaminergic neurons in the sub-
stantia nigra and intraneuronal a-synuclein inclusion; however, since
misdiagnosis is common, there is an urgent need of reliable biomarkers
[45]. PD aetiology is mainly associated with mitochondrial dysfunction
ascribable to OS and an increase in misfolded proteins, which have a
central role in dopaminergic neurodegeneration [45,56,57]. Mitochon-
drial dysfunction is due to a deficiency in complex I activity of the res-
piratory chain, which leads to increased reactive oxygen species (ROS)
generation as well as decreased ATP production; iron accumulation has
also been reported in the substantia nigra of the brains of PD patients
with consequent increased ROS [56]. Both non-enzymatic and enzy-
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matic oxidation of cholesterol lead to oxysterols production within tis-
sues; cholesterol autoxidation mainly occurs in the sterol ring, giving
rise to the formation of 7-HCs (« and f), 7-ketocholesterol (7-KC),
5,6-epoxides (5a,6a-EC and 5p,6B-EC), and triol [58]. On the other
hand, it has been reported that the use of drugs affecting cholesterol
metabolism (such as statins), reduce a-synuclein aggregation, thus con-
firming the involvement of cholesterol homeostasis in PD [11]. It has
also been reported that an accumulation of a-synuclein protein is linked
to concurrent reduction of tyrosine hydroxylase, which has a key role in
dopamine synthesis [59]. Several studies [60,61] have documented that
27—HC reduces the expression of tyrosine hydroxylase and increases the
level of a-synuclein protein in human neuroblastoma cells, while 24—HC
increases the level of tyrosine hydroxylase. It should be pointed out that
different results have been reported about circulating 24—HC level of PD
patients. Thus, main attention has to be paid to the level of 24—HC and
27-HC in both plasma and cerebrospinal fluid (CSF). In fact, Bjorkem et
al. [62] found a higher 24—HC level in CSF of PD patients than in con-
trols and the levels were highly correlated to disease duration; on the
other hand, no correlation to the disease was observed for 27—-HC, even
though it displayed increased levels in CSF. However, these results con-
firm a defect of BBB function.

Recently, clinical management of PD has moved toward the use of
antioxidants or bioactive compounds able to counteract OS. In fact, ani-
mal models have shown promising results in the use of antioxidants and
flavonoids on mitochondrial dysfunction. Seidl et al. [63] demonstrated
that the onset of PD can be delayed by the consumption of dietary sup-
plements rich in vitamin E. The combination of coenzyme Q;, with vi-
tamin E or creatine has also been successfully tested, showing a signif-
icant reduction in the depletion of dopamine, loss of tyrosine hydroxy-
lase neurons, lipid peroxidation and a-synuclein aggregation in the neu-
rons [64]. On the other hand, the intake of vitamin C and flavonoids
did not reveal any significant beneficial effect in either the prevention
or the treatment of PD [64]. Thus, more antioxidant approaches need to
be tested in order to better clarify if OS is a downstream effect of mito-
chondrial dysfunction rather than a direct cause of PD-related neurode-
generation [56].

2.4. Multiple sclerosis

Multiple sclerosis (MS) is a chronic, inflammatory and degenerative
disease characterized by a central nervous demyelinating process with
cyclic loss and repair of myelin sheaths associated with chronic neu-
ronal loss [64,65]. The latter is accompanied by modified levels of oxys-
terols in the brain, blood and cerebrospinal fluid of MS patients, while
the accumulation of such derivatives is believed to participate in the on-
set and progression of the disease through their implication in inflam-
mation, OS, demyelination and neurodegeneration [65].

It might be pointed out that the increase of blood cholesterol level
induces an increase of inflammation within the central nervous system
(CNS) through the disruption of BBB and subsequent entry of 27—-HC,
thus increasing both immune recruitment and oxidative damages [66].
In fact, in MS patients, altered levels of oxysterols have been demon-
strated to be strictly correlated with demyelinating episodes; a reduced
25-hydroxycholesterol (25—HC) synthesis, by depletion of 25-hydroxy-
lase activity, significantly attenuates disease outcomes by limiting the
entry of T lymphocytes in CNS [67]. Again, decreased levels of both
24—-HC and 27-HC in CSF have been found in MS patients [68]. Simi-
lar results were also found in CSF and serum by Vuletic et al. [69] and
Teunissen et al. [70], respectively. Moreover, serum has also showed a
higher level of 24—HC during the active neurodegeneration of demyeli-
nation, while a lower level has appeared after losing a quantitatively
higher amount of cell mass [70].

In addition, 7-KC induces neuronal damage with activation and
migration of microglial cells [71], while 7p—HC, 7-KC and 24-HC
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could trigger oligodendroglial cell death [72]. In that context, choles-
terol homeostasis could be a promising strategy and, as stated for other
neurodegenerative processes, the use of statins could exert some benefit.
Statins could have potential therapeutic implication not only for strokes
but also in neurological disorders (such as AD, PD, MS and primary
brain tumors); they have been used for lowering cholesterol but, be-
sides their anti-atherosclerotic and cardio-protective effects, compelling
clinical and preclinical studies delineate the neuro-protective efficacy
in all of these neurological disorders [73]. To date, the neuroprotective
mechanism of statins is not completely clear; however, the reduction
of ROS generation, the impairment of p-amyloid production and serum
apolipoprotein E levels, the enhancement of endothelial nitric oxide syn-
thase levels and cerebral blood flow, and modulation of cognitive re-
lated receptors and matrix metallo proteases, seem to be involved in the
neuroprotection.

As described before, OS plays a key role in the pathogenesis of
several neurodegenerative diseases. ROS and reactive nitrogen species
(RNS) generated by monocytes, macrophages and activated microglia
act as mediators of neurodegeneration and axonal damage typical of
these disorders [64]. Considering the implications of mitochondrial dys-
function and OS in the onset and progression of these neurodegenerative
diseases, useful innovative strategies should be developed based on or-
ganelle dynamics, bioenergetics, ROS scavenging and OS counteraction
[26,64,74,75].

2.5. Hungtington'’s disease (HD)

The Huntington’s disease (HD) is an autosomal dominant neurode-
generative disorder, which is caused by expanded CAG trinucleotide re-
peat (TNR) in N-terminus of the huntingtin protein (HTT) [76,77]. Thus,
huntingtin is produced with abnormal long polyglutamine sequences
that lead to protein fragmentation and consequent neuronal dysfunction
[76].

Typical symptoms consist of dystonia, cognitive decline, motor dis-
order such as involuntary movement and impairment of voluntary
movements (e.g. incoordination and bradykinesia) [59]. However, in ad-
dition to cognitive and motor disorder, major depression is also common
in 50% of HD patients, as well as irritability and apathy [76]. There is
considerable evidence indicating that, when HD occurs, the cholesterol
metabolism is strongly affected [78-80]. In HD rodent models, a sig-
nificant decrease of cholesterol precursors (lanosterol, lathosterol and
desmosterol) levels was found in the brain before the onset of motor
defects, while cholesterol decreased later on [78,79]. Again, the same
authors found a significant correlation between synthesis rates of cho-
lesterol and 24—HC in the brain, which confirms the consistent choles-
terol biosynthesis defects and points to 24—HC in plasma as a biomarker
of brain cholesterol metabolism [78]. On the other hand, a significant
correlation between lipid peroxidation in plasma and degree of sever-
ity in HD patients was also found, suggesting plasma malondialdehyde
(MDA) as a biomarker for evaluating treatment efficacy [81]. As re-
ported [82], cholesterol supplementation delivered to the brain through
polymeric nanoparticles (polylactide-co-glycolide; PLGA) able to cross
BBB, could be a useful strategy for HD treatment. In addition, an in-
crease of CYP46A1 (enzyme involved in the 24—HC synthesis) in neu-
rons could stimulate cholesterol metabolism.

It might be pointed out that neurons exhibit a high level of sensi-
tivity and susceptibility to oxidative damage, probably due to the low
presence of glutathione (GSH) and antioxidants enzymes [83]. On the
other hand, HTT is universally expressed in the body, but cell degen-
eration occurs only in the striatum and cortex; the mechanisms for the
selection of neuronal death are multifaceted and different studies sug-
gest that OS and mitochondria dysfunction play a key role in the ox-
idative damage of proteins, lipids and DNA [81,84,85]. Different stud-
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ies have revealed a correlation between HD and the increase of MDA
and 8-hydroxy-2’-deoxyguanosine (8—OHdG) in plasma [81], as well as
elevated levels of lipid peroxides and lactate [85]; again, heme oxyge-
nase, 3-nitrotyrosine and MDA were elevated in the striatum, cortex and
serum of HD patients [86-88]. Thus, the use of antioxidants and essen-
tial fatty acids could be a potential therapeutic strategy for the treat-
ment of HD in order to counteract ROS production, which affect neuron
survival [83]. In R6/2 mice, the supplementation with creatine, vitamin
C, coenzyme Q, tauroursodeoxycholic acid (TUDCA), docosahexenoic
acid (DHA) and eicosapentenoic acid (EPA) increased the life span and
motor performance in association with reduced polyQ aggregated in the
brain [84]. When rats are treated with 3-nitropropionic acid (3-NP),
which is a neurotoxin that reproduces the neurodegenerative effects of
HD, their motor and cognitive impairments are reduced if they receive
melatonin, curcumin or carvedilol; lycopene has also proved to be able
to reduce OS markers and to improve behavior in 3-NP rat model of HD
[89-92]. Recent literature suggests neurogenesis as important tool for
regenerative therapy of the HD brain, since neurogenesis could be up-
regulated by numerous antioxidants. Therefore, the use of antioxidants
might provide neurotropic, proneurogenic and neuroprotective support
for HD brain [93].

2.6. X-linked adrenoleukodystrophy (X-ALD)

X-linked adrenoleukodystrophy (X-ALD), which includes cerebral
demyelinating and inflammatory childhood phenotypes, is a genetic dis-
order induced by a mutation in the ABCD1 gene with consequent ac-
cumulation of very long-chain fatty acids (VLCFA; >C22) in tissues in-
cluding brain white matter, the spinal cord, adrenal cortex and plasma
[94]. Since OS also characterizes X-ALD, GSH, antioxidants (such as vi-
tamin E), DHA and oxysterols have been proposed as markers for de-
termining disease progression stage [95]. In particular, main attention
has been addressed to 7-KC. Considering that C7 oxysterols (in particu-
lar 7-KC) increase in tissue and plasma of X-ALD patients [96] and that
7-KC induces inflammation, OS and cell death [97], some researchers
have investigated the impact of 7-KC on the peroxisomal status of mi-
croglia cells. Nury et al. [94] confirmed that 7-KC is able to induce
cell death in microglia cells and generalized peroxisomal modifications
inducing peroxisomal dysfunction and brain damage, which contribute
to X-ALD development. Again, Jang et al. [98] in childhood cerebral
ALD identified an aberrant production of cholesterol 25-hydroxylase
and 25-HC, which promoted robust NLRP3 inflammasome assembly,
mitochondrial ROS and LXR-mediated pathways. The latter highlights
that 25—HC mediates the neuroinflammation of X-ALD through NLRP3
inflammasome activation. Considering that OS plays a key role in the
progression of X-ALD, the use of antioxidants as strategy to counteract
this disease has been investigated in depth. Some authors [99] have pro-
moted the use of valproic acid as promising therapeutic approach for
X-ALD. In fact, the valproic acid (anti-epileptic drug) is able to induce
the expression of ABCD2 peroxisomal transporter, reducing the oxida-
tive damage. Others [100] have proved the ability of N-acetyl-cisteine,
a-lipoic acid and a-tocopherol to scavenge VLCFA-dependent ROS gen-
eration, establishing the link between OS and axonal damage. Early and
carefully tailored antioxidant intervention could be a therapeutic option
to reduce the effect of the disease.

2.7. Prevention of oxysterols toxicity at neuronal and glial level by natural
bioactive compounds

Since the relationship between neurodegenerative diseases (such as
AD) and oxysterols has been asserted, different studies, mainly con-
ducted in neuronal and glial model systems, have demonstrated that
some nutrients and plant bioactives are able to counteract oxysterol and
in particular 7-KC effects [27].
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Debbabi et al. [40] evaluated the possibility to counteract 7-KC in-
duced oxyapoptophagy in BV-2 murine microglial cells. The induction
of OS, inflammation and apoptosis at the microglial level is now con-
sidered a major issue leading to neurodegeneration. Debbabi and col-
laborators demonstrated that specific fatty acids such as oleic acid (OA)
and docosahexaenoic acid (DHA), two fatty acids typically present in
the Mediterranean diet, can prevent 7-KC induced cell damage in BV-2
cultures by counteracting OS [40]. In fact, the data demonstrated that
both OA and DHA reduced the percentage of dihydroethidium positive
cells (a biomarker of superoxide anion production) and that OA was also
able to prevent 4-hydroxynonenal overproduction after 7-KC treatment.
The study by Debbabi et al. [40] also showed the protective effect of
these two fatty acids against apoptosis, autophagy and membrane fluid-
ity impairment. In a different study on SK-N-BE cell line (human neu-
roblastoma), a protective effect of 50 pM of DHA against OS induced by
different oxysterols (such as 7-KC, 7p—HC, and 24—-HC), was also con-
firmed [101]. In oligodendrocyte cultures, 20 pg/mL of 7-KC induced
apoptosis by activating caspase-3 and inducing DNA fragmentation, as-
sociated with loss of transmembrane mitochondrial potential, dephos-
phorylation of Akt protein and glycogen synthase kinase 3 beta (GSK3p),
and the degradation of the induced myeloid leukemia cell differentia-
tion protein (Mcl-1) [11]. The authors demonstrated that co-treatment
with 400 pM of a-tocopherol was able to counteract 7-KC induced apop-
tosis by inhibiting Akt and GSK3f dephosphorylation and Mcl-1 degra-
dation. Likewise, in a different study that also used oligodendrocyte as
model system, the a-tocopherol protective effect against 7-KC treatment
was associated with a reduced incorporation of this oxysterol in lipid
rafts [102]. In 158 N murine cells, 400 uM of a-tocopherol were able to
counteract 7-KC induced apoptosis as shown by the reduction of specific
biomarkers, such as mitochondrial depolarization and nuclei fragmenta-
tion [37]. In the same study, the authors clearly demonstrated that vita-
min E is able to prevent the oxiapoptophagy process induced by 7-KC by
showing, through Western blot analysis, that vitamin E reduced the con-
version of LC3-I into LC3-II, a commonly used biomarker of autophagy.
The a-tocopherol protective effect has been recently confirmed by the
same research group in a study where they demonstrated that 7-KC in-
creases autophagy biomarkers and induces peroxisomal changes also at
concentrations that do not induce apoptosis [103].

Besides specific fatty acids and vitamin E, some studies have inves-
tigated the potential protective effect of plant secondary metabolites
against oxysterol toxicity at the neuronal level. When some researchers
treated neuroblastoma SHSY-5Y cells with a mixture of 7p—HC, 24—HC
and 27-HC (at a 5 pM concentration each), or with the three oxysterols
alone, they observed an increased expression of inflammatory media-
tors (such as CD36, Bl-integrin, IL-8, MCP-1, MMP-9), via the induc-
tion of TLR4 and COX2 [104]. However, 1-h pretreatment with 5 pM
quercetin, a flavonol abundant in many fruits and vegetables, loaded
into nanoparticles, was able to counteract the increase of these biomark-
ers, as well as the expression of COX2 and TLR4 [104]. Taken together,
this data suggests the possibility to counteract oxysterols induced in-
flammation at the neuronal level through quercetin administration. In
another study, Kim et al. [105] demonstrated that taxifolin, a flavanonol
present in some plant trees such as Cedrus deodara, Pinus roxburghii and
some varieties of Taxus chinensis, is able to positively affect apoptotic
biomarkers and prevent cell death in 7-KC treated PC12 cells. Similarly,
a quercetin derivate, quercetin-3-O-(2"-galloyl)-a-L-thamnopyranoside,
prevented 7-KC induced apoptosis in differentiated PC12 cells [106]; in
this case, it was suggested that the quercetin derivate might suppress the
activation of both the intrinsic apoptotic and the caspase-8-dependent
pathways, and that the protective effect could be related to OS coun-
teraction. Table 2 summarizes the studies describing the effects of each
bioactive compound and the model system used.
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In another study [9], the administration of Raphanus sativus cv Sango
sprout juice (SSJ) (75 mg/kg b.w. SSJ/day), rich in sulforaphane,
raphasatin and anthocyanins, was able to counteract brain oxysterol for-
mation in rats (non-genetic model) subjected to a high-fat (34% crude
fat) dietary regimen.

The research path for the identification of new bioactive natural
molecules able to counteract oxysterol toxicity in neuronal and glial
cells has been opened and more studies are necessary to recognize
whether natural compounds may hold benefits in preventing and con-
trolling the oxidative/inflammatory cascade generated by oxysterols in
vitro and in vivo.

2.8. Physical activity counteracts oxysterols toxicity

Regular physical activity is now recognized as an essential compo-
nent of a healthy life style, due to its pleiotropic beneficial effects on dif-
ferent human tissues (such as muscles, heart, vascular and brain), lead-
ing to prevention and counteraction of many different chronic patholog-
ical conditions, including cardiovascular, metabolic and neurodegener-
ative diseases [107]. Exercise has been demonstrated to improve spatial
learning, working memory, cognitive and executive function [108,109].
Moreover, it induces both acute and chronic biological effects on many
brain areas by triggering numerous neurobiological mechanisms, such
as modulating neurotransmitters secretion [15], modulating hormones
and neurotrophic factor levels [14]. Exercise increases the levels of nu-
merous growth factors involved in correct brain tissue development,
such as fibroblast growth factor-2 (FGF-2) [110], insulin-like growth
factor-1 (IGF-1) [16], vascular endothelial growth factor (VEGF) [17],
and brain derived neurotrophic factor (BDNF) [18]. The modulation of
these factors, together with the reduction of OS at brain level [111], the
modulation of apoptosis and the induction of neurogenesis in specific
areas of the brain [19], seems to be responsible for the protective effects
of exercise toward neurodegenerative diseases [14]. The effects of phys-
ical exercise and training on cholesterol and oxysterols homeostasis and
thus the counteraction of oxysterol toxicity, are still not completely un-
derstood and thus need more study; however, physical activity seems to
play a crucial role in the counteraction of numerous pathological con-
ditions and chronic/degenerative diseases, in particular cardiovascular
diseases.

Cholesterol and oxysterols, such as 7a—HC, 7p—HC, 7-KC, accumu-
late at cardiac level during ischemia/reperfusion events [112-114].
Oxysterol build-up leads to lipid peroxidation and mitochondrial dys-
function; in fact, it has been proposed that reduction of mitochondr-
ial cholesterol during reperfusion might protect mitochondria [115].
A recent study performed with both wild-type and ob-ob mouse mod-
els, demonstrated that regular physical exercise (running on a treadmill
0.5-1h/day for 4 weeks) was able to improve heart antioxidant capac-
ity, reduce mitochondrial cholesterol accumulation and its subsequent
oxidation to oxysterols (such as 7a—HC, 7-KC, 5a,6a-EC), and, in the fi-
nal analysis, preserve mitochondrial function after ischemia/reperfusion
[116].

In another study carried out with an Apo E KO dyslipidemic mouse
model, it was observed that aerobic exercise training increases 7f—HC
and 27-HC levels in the aortic arch by increasing Cyp27al, Cd36 and
reducing Cyp7b1l expression, thus contributing to atherogenesis preven-
tion [117]. In fact, Cd36 has been demonstrated to be involved in lipid
clearance associated with reverse cholesterol transport [118].

Moreover, it has been demonstrated that a regular combination of
aerobic and resistance exercises reduce both 7o—HC and 7p—HC serum
levels and improve cholesterol homeostasis in obese human adults
[119].

If, on one hand, exercise training seems to represent an interven-
tion able to counteract cholesterol oxidation in both animals and hu-

Journal of Steroid Biochemistry and Molecular Biology xxx (XXXX) XXX-XXX

mans, on the other hand acute exhaustive exercise does not exert simi-
lar beneficial effect. We actually demonstrated that exhaustive exercise
session is a prooxidant stimuli that induces cholesterol oxidation in rat
liver; in fact, 7a—HC, 7p—HC, 7-KC, triol, 24—HC and 27-HC increased
in rat liver after a single treadmill exercise bout till exhaustion [75]. Ay-
ers et al. [120] had previously proposed the idea that strenuous exercise
could induce cholesterol oxidation, as they found that strenuous tread-
mill running increases plasma oxysterols level in amenorreic female.

Although evidence supporting the possibility to counteract nega-
tive oxysterol effects on cardiac and vascular tissues is increasing, only
few authors have proposed a relationship between physical activity and
oxysterols at brain tissue level. A recent review [65] proposed a role
for physical activity in the modulation of oxysterol homeostasis at the
brain level in MS mouse models; in fact, they consider that abnormal
oxysterol accumulation contributes to the onset and progression of the
disease, due to oxysterol implication in OS, inflammation, and neurode-
generation. Moreover, the authors have suggested that physical activity
may counteract oxysterol toxicity thanks to its beneficial effects on neu-
ronal plasticity, inflammation and OS, which also leads to an improve-
ment of blood-brain integrity with an overall positive effect for brain
health [65]. Other authors have established that moderate continuous
exercise could be potentially useful to enhance myelin sheath regener-
ation and improve the concentration of myelination-related growth fac-
tors and cytokines; its practice is, thus, encouraged to both prevent and
treat demyelination [121]. Table 3 summarizes the studies describing
the effects of physical exercise and the model system used.

3. Concluding remarks

As emphasized along this review, oxysterols have proved to play
a key role on the onset and development of many neurodegenera-
tive diseases, which is one of the greatest threats to public health of
the 21 st century. Since mitochondrial dysfunction, altered brain cho-
lesterol homeostasis and systemic OS are involved in the progression
of neurodegenerative diseases, potential supporting strategies to tradi-
tional pharmacological treatments (such as dietary administration of nu-
traceuticals and moderate physical activity) should focus on modula-
tion of OS. In particular, nutraceutical-containing nanosystems (i.e. lipo-
somes, polymeric and inorganic nanoparticles) for targeted mitochondr-
ial bio-delivery have a great potential as a supporting strategy, as they
could overcome multiple barriers for targeting mitochondria, thus en-
hancing the bioactives’ effects [122,123]. Tailored interventions with
targeted nutraceuticals to reduce OS and to induce enzymes with an
antioxidant/detoxifying activity, together with the triggering action of
exercise on several growth factors involved in neurogenesis (i.e. FGF-2,
IGF-1, VEGF, BDNF), can thus contribute to the improvement of the
pathological profile of diverse oxidation-related brain neuropathologies.

However, despite being promising, the association between oxys-
terol homeostasis, physical activity and neurodegenerative diseases has
still to be fully elucidated. Further research should be performed at both
in vitro and in vivo levels, including randomized clinical trials and mi-
tochondrial-targeted nutraceuticals, to be able to better understand the
link between physical exercise, oxysterol levels, mitochondria dynamics,
and clinical outcomes in people at increased risk for neurodegenerative
diseases.
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